Parasite adaptation to dynamic host characteristics is a recurrent theme in biology. Diversitygenerating retroelements (DGRs) are a newly discovered family of genetic elements that function to diversify DNA sequences and the proteins they encode. The prototype DGR was identified in a temperate bacteriophage, BPP-1, on the basis of its ability to generate variability in a gene that specifies tropism for receptor molecules on host Bordetella species. Tropism switching is a templatedependent, reverse transcriptase mediated process that introduces nucleotide substitutions at defined locations within a target gene. This cassette-based mechanism is theoretically capable of generating trillions of different amino acid sequences in a distal tail fiber protein, providing a vast repertoire of potential ligand-receptor interactions. Variable residues are displayed in the context of a specialized C-type lectin fold, which has evolved a unique solution for balancing protein diversity against structural stability. Homologous DGRs have been identified in the chromosomes of diverse bacterial species. These unique genetic elements have the potential to confer powerful selective advantages to their hosts, and their ability to generate novel binding specificities and dynamic antimicrobial agents suggests numerous applications.
Diversity, the spice of life
The ability to generate adaptive diversity through stochastic mechanisms is a conserved feature of host-parasite interactions [1] . DGRs are strikingly different from previously described genetic systems that mediate phase and antigenic variation. A particularly instructive paradigm for understanding the essence of DGR function is the mammalian immune system itself. The development of antibody and T cell receptor repertoires can be conceptually divided into three stages. The first employs a germ line-encoded diversity generator, which generates combinatorial diversity through recombination within antibody or T cell receptor (TCR) genes [•2] . The second involves selection for productive events by antigen binding to B cell surface IgM or by association of a peptide-MHC complex with a TCR [3, 4] . This is followed by the third stage, amplification, which can expand a selected lymphocyte into millions of progeny cells [3, 5] . For B cells, somatic hypermutation can introduce additional variation, allowing *Correspondence E-mail E-mail: jfmiller@ucla.edu; Tel. (+1) 310 206 7926; Fax (+1) 310 206 3865. Publisher's Disclaimer: This is a PDF file of an unedited manuscript that has been accepted for publication. As a service to our customers we are providing this early version of the manuscript. The manuscript will undergo copyediting, typesetting, and review of the resulting proof before it is published in its final citable form. Please note that during the production process errors may be discovered which could affect the content, and all legal disclaimers that apply to the journal pertain. affinity maturation of the antibody response [6] . A remarkably similar sequence of events appears to account for the selective advantage DGRs confer to their host genomes, and the extent of diversity is impressive. The DGR in Bordetella phage BPP-1 can theoretically produce over 10 14 variable nucleotide sequences at the C-terminus of the major tropism determinant protein, Mtd [••7] . In comparison, the theoretical limit of T cell receptor junctional diversity is estimated at over 10 11 unique sequences [•2,8] . For both DGRs and lymphocyte antigen receptors, diversity generators have co-evolved with protein scaffolds that are uniquely designed to accommodate the amino acid variability required to confer distinct binding specificities.
Tropism switching by Bordetella bacteriophage
The infectious cycles of Bordetella species, which cause respiratory infections in mammals, are controlled by the BvgAS phosphorelay signal transduction system [9] . BvgAS mediates a transition between the the Bvg + phase, which is adapted to colonization of the respiratory tract, and the Bvg − phase, which is adapted to ex vivo survival and growth in B. bronchiseptica, the broad host range evolutionary progenitor of Bordetella species that infect humans [10] . This phenotypic transition is associated with major changes in the profiles of secreted proteins and surface structures [11] .
A search for generalized transducing vectors led to the discovery of a temperate phage, designated BPP-1, which displayed a marked tropism for Bvg + as opposed to Bvg − phase Bordetella ( Figure 1 ) [••7] . The BPP-1 receptor was identified as pertactin, a surface localized autotransporter which is only expressed in the Bvg + phase. Although its role during infection is controversial [12] , pertactin is clearly a protective immunogen and an important component of acellular pertussis vaccines [13] [14] [15] . It was also noticed that tropism was not absolute. At a frequency of about 10 −6 , BPP-1 variants that formed plaques with normal morphology on Bvg − phase Bordetella (Bvg minus-tropic phage; BMP) were isolated, and variants that recognized both Bvg + and Bvg − phase bacteria with near equal efficiency (Bvg indiscriminant phage; BIP) were also obtained. Since plaque formation requires repeated rounds of replication and efficient infection of adjacent cells, these simple observations revealed that tropism switches had occurred. Electron microscopy did not detect morphologic differences between phage variants; in all cases viral particles consisted of an icosahedral head, a short tail, and six tail fibers with unusual globular structures at each distal end (see Figure 3a below ) [16] .
Tropism switching by Bordetella phage was initially viewed as an adaptation to the dynamic cell surface alterations that occur during the infectious cycles of their hosts. From the vantage point of the virus, however, the apparent objective is to generate a subpopulation of variants with the potential to recognize novel receptors. Although the BvgAS-mediated phase transition provides a convenient tool for isolating phage variants, the repertoire of receptors appears to be vast and the precise nature of the selective pressures that have given rise to tropism switching remains undefined.
The diversity generator
Comparison of the 42.5 kb dsDNA genome of BPP-1 with BMP and BIP derivatives revealed a region of variability designated the variable repeat (VR, Figure 2 ). VR consists of a 134 bp sequence located at the 3′ end of the mtd (major tropism determinant) locus [••7] . Nucleotide substitutions are always present in tropic variants, and they occur at 23 discrete positions within VR. Variability hotspots are predominantly located in the first two bases of codons, maximizing the generation of amino acid substitutions. Located downstream from mtd is a second copy of the 134 bp repeat, designated the template repeat (TR). In striking contrast to VR, TR is never observed to vary [••7,••17] . Adjacent to TR is the brt locus which encodes an enzymatically active reverse transcriptase (RT) [••7] . The presence of a RT locus in a dsDNA phage genome was unexpected, and its proximity to VR raised the possibility that reverse transcription may play a role in generating host range variability. Located between brt and mtd is atd (accessory tropism determinant), a small open reading frame that encodes a 100 amino acid (aa) polypeptide. Perhaps the most remarkable observation resulting from genome inspection was that variability in VR occurred almost exclusively at positions occupied by adenine residues in their cognate TRs, and every adenine in TR (with the exception of IMH, see below) represents a potential site of variability. Addition of adenine residues in TR created new sites of VR variability, and eliminating TR adenines had the opposite effect [••17] . These observations suggested that adenine-specific mutagenesis is an inherent feature of the diversitygenerating mechanism.
Additional studies revealed functional requirements for tropism switching [••7] . Electron microscopy and adhesion assays showed that mtd encodes the distal tail fiber protein necessary for phage infectivity, and purified Mtd binds to Bordetella with the same specificity as the phage from which it came [••17] . Substitution experiments in which VR sequences were "swapped" between phage with different specificities indicated that VR determines phage tropism. Null mutations in brt resulted in fully infective phage that had lost the ability to switch tropism, and mutations in atd or TR had precisely the same effect. To test the possibility that diversity generation involves a flow of information from TR to VR, synonymous substitutions were introduced into TR. As predicted, these silent nucleotide substitutions were transmitted to VR during tropism switching, along with mutations at positions corresponding to adenines. These and other results demonstrated that diversity is generated through an RT-dependent mechanism in which information is adenine-mutagenized and unidirectionally transferred from TR to VR. Mutagenesis of additional phage genes indicated that the cassette shown in Figure  2 encodes all of the loci that are required for generating diversity and it represents the prototypical DGR.
Diversity-generation is characterized by mutagenesis and directional transfer to a specific targeted region of DNA. What might determine the directionality of "mutagenic homing?" At the 3′ ends of TR and VR are identical 14 bp segments consisting of G and C residues, followed by 21 bp sequences which differ at 5 positions between the two repeats. Substitution of the 21 bp VR sequence with the corresponding one from TR eliminated mutagenic homing. The reverse substitution, in which the 3′ end of TR was engineered to be identical to its counterpart from VR, maintained tropism switching and gained the ability to diversify TR, an event that is never observed in wild type phage [••17] . These observations demonstrate that the sequence designated IMH (initiation of mutagenic homing) determines the directional transfer of sequence information. IMH* designates the corresponding sequence located downstream from TR ( Figure 2 ). Although wild type phage can presumably undergo unlimited rounds of tropism switching, phage with identical IMH sequences at the 3′ ends of TR and VR should eventually lose the ability to diversify. Any time an adenine in TR is substituted with another nucleotide, it will lose its ability to diversify the corresponding site in VR. Thus, there appears to be a simple yet elegant "genetic logic" that underlies DGR function. TR, which contains the master copy of the information required for mutagenic homing is never corrupted, and the capacity to diversify is forever preserved.
Although progress has been made in defining genetic requirements for DGR function, the biochemical mechanism responsible for diversity generation has yet to be determined. In recent experiments in which a group I intron was inserted into TR, mutagenic homing resulted in the acquisition of precisely spliced exon sequences by the cognate VR (Guo et al., unpublished). These observations establish the involvement of an RNA intermediate, but where it begins, where it ends, and what might control its expression are unknown. Similarly, the precise role of IMH in mutagenic homing has not been defined, the function of Atd has yet to be determined, and the mechanism of adenine mutagenesis remains elusive. The models in Figure 2 illustrate an array of working hypotheses that are consistent with available data and make testable predictions for future studies.
"Ordered disorder" -the C-type lectin scaffold
If sequence variation is to confer a selective advantage, a diversity generator must interface with a protein scaffold that can display amino acid variability while maintaining structural stability. Until the discovery of DGRs, the immunoglobulin (Ig)-fold found in antibodies and T cell receptors provided the major paradigm for how this might occur [18] . Crystal structures of 5 Mtd variants representing different receptor specificities were determined at 1.56-2.52 Å resolution [••19] . Tropic variants were nearly identical in overall structure (Figure 3a-d) , forming tetrahedral-shaped trimers which localize to the distal ends of tail fibers (Zhou et al., unpublished) [16] . A large hydrophobic interface stabilizes the trimer, and each 381 aa subunit is organized into three discrete domains (Figure 3b) . At the N-terminus (aa 1-48) is a β-prism, which forms the threefold symmetric apex of the pyramid. This is connected by a short, intertwined 3 10 α-helix to a β-sandwich (aa 54-170) which consists of a series of threeand four-stranded anti-parallel β-sheets. The third domain, at the C-terminus of Mtd (aa 171-381), presents VR-encoded variable residues on a ligand binding surface using a fold that is highly characteristic of a superfamily of proteins classified as C-type lectins [••19] . C-type lectins are extremely widespread in nature, they bind sugar as well as protein ligands, and they perform a diverse array of functions ranging from cell-cell adhesion to pathogen recognition by components of the innate immune system [20-•22] . The CLec-fold in Mtd is characterized by a two stranded anti parallel β-sheet formed by the N-and C-termini of the domain, connected by two α-helices to a three-stranded antiparallel β-sheet (Figure 3b ). Mtd contains two additional inserts that help stabilize the variable region, and the extended β2-β 3 loop from one subunit inserts into a pocket on a neighboring subunit to help stabilize VR.
Diversified adenines in TR correspond to 12 variable amino acid residues in the VR-encoded C-terminus of Mtd. These are organized into a discrete, solvent exposed receptor-binding site on the external face of the β3 β4 β4′ sheet. Each Mtd trimer presents three VR surfaces located on the bottom face of the complex (Figure 3a) . Co-localization and surface exposure of noncontiguous variable residues illustrates co-evolution between the placement of variable adenines in TR and the physical structure of the diversified protein. All but two of the variable residues in VR are encoded by AAC "codons" in TR [••7] . Adenine-specific mutagenesis of AAC permits substitution by 14 amino acids covering the entire range of chemical character, and the use of AAC rules out the possibility of a nonsense codon being introduced. Figure 3d shows the main chain conformation and variable side chains of five VR sequences superimposed on each other [••19] . These sequences recognize different receptors and they differ dramatically in chemical character, yet the backbone structure is essentially invariant. This represents a remarkable feature of Mtd and a major contrast with immunoglobulins, which display enormous conformational flexibility in their antigen binding sites. Presumably, the Clec fold in Mtd has evolved to maximize protein stability while displaying amino acid diversity.
Diversity generating retroelements are widespread in bacterial genomes
The ability to diversify protein domains involved in ligand-receptor interactions has the potential to confer a powerful selective advantage. Using the Bordetella phage DGR as a signature, homologous retroelements have been identified in nearly 30 genomes representing diverse bacterial species (Zimmerly S et al., personal communication, Gingery M et al., unpublished data) [••17] . The examples in Figure 4a include DGRs predicted in the genomes of a V. harveyi phage, a M. magneticum phage, and several putative elements that do not appear to be phage associated or recently acquired through horizontal gene transfer. These include DGRs in the genomes of photosynthetic marine cyanobacteria (T. erythraeum), green sulfur bacteria (C. chlorochromatii), and anaerobic spirochetes implicated in the development of periodontal disease (T. denticola). Figure 4a are predicted to encode related RTs. They also include repeated sequences analogous to TR and VR in the BPP-1 DGR. Although TR and VR analogs typically display little or no sequence similarity, TR/VR pairs differ almost exclusively at sites corresponding to adenines in TR. This suggests that adenine-specific mutagenesis is an inherent feature of DGR function. DGR-associated RTases comprise a distinct family with unique polymorphisms that may reflect unusual enzymatic specificities (Hodes A et al., unpublished data, Figure 4b ) [••17] . Based on the number of adenines in their TRs, the theoretical diversity that could be generated by the elements in Figure 4a ranges from 10 14 (BPP-1) to 10 24 nucleotide sequences (T. denticola). Although ORFs that are predicted to be diversified display minimal sequence identity, VR analogs are always located at their extreme C-terminal ends. Profile-based alignments predict that the C-terminal domains encoded by VR-containing ORFs adopt Clec folds similar to the one in Mtd (Gingery M et al., unpublished data) [••19] . Comparative sequence analysis supports the hypothesis that both the genetic mechanism that generates diversity, and the protein scaffold used to display it, are conserved features of all DGRs.
All of the elements in
Although DGRs are likely to function in a similar manner, they display a considerable amount of diversity in their organization. In the examples shown in Figure 4a , TR sequences are located upstream, downstream, or within RTase coding sequences. There is also an apparent dichotomy between the presence of atd homologs and loci encoding HRDC (Helicase and RNAseD Cterminal) domains. Most interesting, however, is the observation that DGRs may be capable of diversifying multiple linked (M. magneticum) or unlinked (T. denticola) VR-containing loci. In T. denticola, the N-termini of diversified proteins contain lipoprotein consensus sequences which predict lipid modification of the mature protein, signal peptide cleavage by Lsp, and localization to the outer membrane [23, 24] . An intriguing possibility is that the T. denticola DGR system may be responsible for the surface display of a family of diversified proteins.
Conclusions
It is remarkable to consider that over 40% of the human genome is comprised of retroelements and degraded derivatives of them [25] . Retrotransposons, retroviruses, non-LTR retroelements, group II introns and related elements share two fundamental characteristics. First, they replicate through obligatory RNA intermediates using reverse transcriptase-dependent mechanisms [25-•27,28] . Second, they do not appear to confer an obvious selective advantage to their hosts; they are neutral at best and can be overtly deleterious. Although the issue provokes debate, in an evolutionary sense retroelements are often thought of as genetic parasites, or "selfish DNA", and mobility may be a necessary consequence of their parasitic nature [28] [29] [30] . In contrast, the Bordetella phage DGR confers a powerful selective advantage to its host and the same is likely to be true for all DGRs. It has been proposed that the adaptation of mobility to generate protein variability has allowed DGRs to evolve as stable and beneficial components of host genomes [••17] .
Diversity-generating retroelements were first reported in 2002 and many questions regarding their function remain to be addressed. What might account for the adenine-specific mutagenesis that characterizes these elements and what is the biochemical basis of directional homing? Are differences in DGR structure reflective of differences in their function? How extensive is the repertoire of ligands that can be recognized by diversified proteins and what are the "rules" of recognition? Although the Bordetella phage DGR has been studied in some detail, the selective advantages conferred by chromosomal DGRs present in diverse bacterial species have yet to be determined. In addition to their likely importance for the organisms that encode them, DGRs may have practical applications as self-contained diversity generators. How "plastic" are they and can they be adapted to diversify heterologous proteins to evolve binding specificities, enzymatic functions, or other properties of interest? The presence of DGRs in phage genomes is of particular interest. Do phage that encode DGRs function as dynamic antimicrobial agents adapted to overcome resistance by their hosts? The possibility that DGR-endowed phage could be harnessed to eliminate pathogens in the environment, or to treat antibiotic-resistant infections, warrants further attention. Potential mechanisms of DGR retrotransposition. Four potential mechanisms for cDNA priming and mutagenic homing are shown. (1) Replication Fork. An Okazaki fragment (green arrow) serves as the initiating primer as the TR RNA transcript anneals to the recently synthesized antisense IMH complementary strand [32] . (2) Single Stranded Nick. A nick in the antisense strand occurs at IMH by a single-strand endonuclease that has yet to be identified. The resulting 3′ hydroxyl serves as the initiating primer. (3) Double Stranded Break. A yet to be determined factor creates a double strand break at the IMH. Progressive exonuclease degradation of the sense strand is accompanied by TR RNA transcript priming by the free 3′ hydroxyl on the antisense strand [33, 34] . (4) cDNA Recombination. Brt reverse transcription of the TR RNA transcript is initiated by an unknown primer. VR variants are created by RecA independent homologous recombination of TR derived cDNA with the parental VR [35, 36] . In all cases, DGR homing is followed by replication that produces mosaic VRs with patches of TR-derived variable sequence [••17] . (a) The prototype BPP-1 DGR is shown at the top. Orthologous reverse transcriptases (RTase) are located near predicted VRs and TRs. VRs are predominantly located within CLec domains at the C-terminal end of VR-containing ORFs. VR and TR pairs differ almost exclusively at positions correlating to adenines within the TR. Atd homologs are more divergent than the reverse transcriptase genes and they are present in a subset of DGRs. Hrdc loci, predicted to encode proteins with 80 amino acid helicase and RNAseD C-terminal (HRDC) domains, overlap RTase loci in a subset of DGRs [37] . (b) The short sequence represented by Gln151-Pro157 is highly conserved in HIV-1, LINE-1 and other "canonical" RTs, playing a pivotal role in dNTP and template recognition [38] . In particular, Q151 is located in the dNTP binding pocket and it directly interacts with the sugar moieties of incoming dNTPs. Mutations at this site (e.g. Q151M) confer resistance to nucleoside inhibitors such as AZT and they alter both mutational specificity and fidelity [38, 39] . Although other shared unique features are evident, it may be significant that DGR-associated RTases share nearly identical polymorphisms (Q151 to I/L181, P157 to Q187) in a region known to play such a major role in controlling RT fidelity.
